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Meiotic recombination promotes genetic variation by mixing parental alleles. Two recent studies, one in this
issue of Developmental Cell, have applied microarray-based methods that allow analysis of nearly all of
the recombination events occurring in a single meiosis. These data provide insights into the molecular
‘‘decisions’’ that control the outcome of the recombination process.
In meiosis two consecutive nuclear
divisions follow one round of genome rep-
lication to produce haploid cells from
a diploid mother. Prior to the first division,
recombination occurs at numerous sites
between homologous chromosomes.
Recombination promotes both proper
homolog segregation and genetic varia-
tion by breaking up linkage groups
(Bishop and Zickler, 2004), and is thus im-
portant for the propagation and shaping
of the genome from one generation to
the next.
Recombination occurs by repair of DNA
double-strand breaks (DSBs) generated
by the Spo11 protein (Keeney, 2007).
The two major outcomes of repair of
DSBs are crossovers and noncrossovers.
Crossovers exchange large segments of
chromosomes or even whole chromo-
some arms, whereas noncrossovers typi-
cally involve copying only small sections
of DNA from one chromosome to another.
Crossover formation is tightly regulated:
each chromosome pair usually forms at
least one (the ‘‘obligate crossover’’), and
multiple crossovers on the same chromo-
some pair tend to be widely and evenly
spaced (termed ‘‘interference’’) (Bishop
and Zickler, 2004). Failure to form a cross-
over and errors in crossover location are
responsible for many of the inborn aneu-
ploidies observed in humans (Hassold
et al., 2007). Crossover control can be
viewed as a series of decisions governing
the fate of individual DSBs: the final num-
ber and distribution of crossovers result
from choices about what DNA template
will be used for repair (homologous chro-
mosome versus sister chromatid) and
about what kind of recombinant product
will be produced (crossover versus non-
crossover) (Bishop and Zickler, 2004).
The mechanisms behind these deci-
sions are poorly understood, but critical
insights are provided by two recent stud-
ies—one in this issue of Developmental
Cell—in the budding yeast Saccharomy-
ces cerevisiae (Chen et al., 2008; Mancera
et al., 2008). Both studies use microarray-
based methods to track segregation of
thousands of genetic markers in a cross
between moderately divergent laboratory
yeast strains (Winzeler et al., 1998). Be-
cause one can recover and analyze all
four haploid products of a single yeast
meiosis (called a tetrad), this method al-
lows detection of nearly all recombination
events that occur during meiosis. The
principal differences between the two
studies were that Mancera et al. exam-
ined more markers (52,000) but focused
mostly on wild-type meiosis, whereas
Chen et al. examined fewer markers
(8,000) but in both wild-type and a large
panel of meiotic mutants. Both studies
provide important insight into recombina-
tion distributions; we highlight below a
subset of observations concerning the
control of recombination outcome.
One intriguing observation concerns
recombination near centromeres. Previ-
ous studies revealed that DSB formation
is repressed near centromeres approxi-
mately 2-fold relative to genome average
(Buhler et al., 2007). Surprisingly, how-
ever, detectable recombination events
were even more dramatically reduced in
the current studies (approximately 6-fold
in the study byChen et al.; similar patterns
were seen by Mancera et al.). How could
the products of recombination (cross-
overs and noncrossovers) be reduced
more than the precursors (DSBs)? One
possible answer derives from the fact
that recombination can only be detected
when genetic information is exchanged
between homologs, and that recombina-
tion between sister chromatids (which
are genetically identical) is silent. Thus,
Chen et al. propose that DSBs that occur
near centromeres show a difference in the
decision about which template to use for
repair: instead of being biased toward
using the homolog (as for most of the
genome), DSBs near centromeres tend
to be repaired more often by recombina-
tion between sister chromatids. Direct
physical analysis of recombination inter-
mediates will be needed to further evalu-
ate this interesting hypothesis.
Unexpectedly, suppression of interho-
molog recombination near centromeres
is relieved in a mutant lacking the Zip1
protein (Chen et al., 2008). Zip1 is a mem-
ber of the ZMM group, which is a group
of functionally related proteins involved
in synaptonemal complex formation and
recombination (Lynn et al., 2007). Inter-
estingly, Zip1 localizes at yeast centro-
meres early in prophase I (Tsubouchi
and Roeder, 2005). Thus, Zip1 may have
a unique function in controlling intersister
versus interhomolog partner choice in
this region of each chromosome.
Another intriguing observation con-
cerns recombination near telomeres.
Chen et al. (2008) report that crossover
frequencies are reduced by approxi-
mately 7-fold within 20 kb from the chro-
mosome ends, when considering all 32
chromosome ends as a group (n = 16 in
budding yeast). Because previous studies
indicated that there is only an approxi-
mately 2-fold repression of DSBs in these
regions (Blitzblau et al., 2007; Buhler
et al., 2007), and because noncrossover
levels did not seem to be reduced relative
to genome average, Chen et al. inferred
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that the decision about the outcome of
recombination near telomeres is relatively
biased toward noncrossovers. Interest-
ingly, data of Mancera et al. (2008)
indicate that many individual chromo-
some ends undergo little recombination,
whereas others show significant recom-
bination activity. Thus, it remains to be
determined whether a bias toward
noncrossovers is a general tendency of
chromosome ends per se, or if it instead
reflects exceptional behavior of a few
chromosomes. Indeed, Mancera et al.
demonstrated that certain genomic re-
gions are characterized by a significant
bias in the outcome of recombination,
with some regions favoring a crossover
outcome and other regions favoring
noncrossovers. Taken together, these im-
portant findings reveal that the crossover
versus noncrossover decision is not exe-
cuted uniformly across the genome, but
instead is subject to local constraints
which are poorly understood.
Both studies also contain intriguing ob-
servations regarding the control of the
number of crossovers and their relative
distribution. It is well established that the
presence of a crossover in one region
inhibits formation of another crossover
nearby (Bishop and Zickler, 2004). Exam-
ination of such crossover interference in
yeast typically involves labor-intensive
dissection of several thousands of tetrads
and analysis of crossovers within a few
defined genetic intervals. Since the
whole-genome analysis detects essen-
tially all of the crossovers in a single mei-
osis, the microarray-based methods in
the current studies allow effective analy-
sis of interference with just a few tetrads.
Both groups reexamine interference in
a number of mutants and their results
agree well with previous work and, impor-
tantly, help to resolve conflicting earlier
studies. The greater density of scored
markers allowed Mancera and colleagues
to take this analysis one step further.
Based on somewhat limited data, it has
long been thought that only crossovers
are subject to interference. Remarkably,
Mancera et al. found that noncrossovers
were further away from crossovers than
expected by chance, which means that
crossovers interfere not only with each
other but also with adjacent noncross-
overs. This result may imply that interfer-
ence operates as early as DSB formation.
Yeast cells maintain crossover num-
bers at a relatively constant level even if
the number of DSBs is decreased by
spo11 mutations, a phenomenon termed
‘‘crossover homeostasis’’ (Martini et al.,
2006). If crossover homeostasis is a fea-
ture of wild-type meiosis and not just a re-
sponse to spo11 mutations, then it would
follow that cells in a normal population
would tend to maintain crossover num-
bers within a narrow range despite fluctu-
ations in the total number of DSBs from
cell to cell. To test this idea, Chen et al.
asked whether the number of crossovers
in a tetrad was correlated with the number
of noncrossovers. Importantly, they found
that there was no such correlation, as ex-
pected for nearly ideal homeostasis (Chen
et al., 2008). Examination of data of Man-
cera et al. leads to a similar conclusion
(correlation coefficient = 0.0055; our
unpublished data).
The findings by Chen et al. are impor-
tant because they demonstrate crossover
homeostasis in its physiological context,
i.e., in wild-type meiosis, but the authors
went even further to examine the genetic
basis for this phenomenon. They found
that crossover homeostasis was reduced
in ZMM mutants that are defective in
crossover interference (zip2 and zip4)
(Chen et al., 2008), consistent with the
hypothesis that the mechanism or mech-
anisms behind crossover interference
might also contribute to crossover
homeostasis (Martini et al., 2006). Never-
theless, the reduction in crossover ho-
meostasis in these mutants was less se-
vere than the reduction in interference,
perhaps suggesting a more intricate con-
nection between these two mechanisms
(Chen et al., 2008).
Classical (and less expensive) tetrad
analysis will remain a valuable tool, but
these intriguing papers are clear exam-
ples of the power of microarray technol-
ogy as applied to the study of meiotic
recombination. The remarkable findings
in these studies promise new understand-
ing of the molecular events that shape the
outcome of recombination.
REFERENCES
Bishop, D.K., and Zickler, D. (2004). Cell 117, 9–15.
Blitzblau, H.G., Bell, G.W., Rodriguez, J., Bell, S.P.,
and Hochwagen, A. (2007). Curr. Biol. 17,
2003–2012.
Buhler, C., Borde, V., and Lichten, M. (2007). PLoS
Biol. 5, e324.
Chen, S.Y., Tsubouchi, T., Rockmill, B., Sandler,
J.S., Richards, D.R., Vader, G., Hochwagen, A.,
Roeder, G.S., and Fung, J.C. (2008). Dev. Cell 15,
this issue, 401–415.
Hassold, T., Hall, H., and Hunt, P. (2007). Hum.
Mol. Genet. 16, R203–R208.
Keeney, S. (2007). Spo11 and the formation of DNA
double-strand breaks in meiosis. In Recombina-
tion and Meiosis, D.H. Lankenau, ed. (Heidelberg,
Germany: Springer-Verlag), pp. 81–123.
Lynn, A., Soucek, R., and Borner, G.V. (2007).
Chromosome Res. 15, 591–605.
Mancera, E., Bourgon, R., Brozzi, A., Huber, W.,
and Steinmetz, L.M. (2008). Nature 454, 479–485.
Martini, E., Diaz, R.L., Hunter, N., and Keeney, S.
(2006). Cell 126, 285–295.
Tsubouchi, T., and Roeder, G.S. (2005). Science
308, 870–873.
Winzeler, E.A., Richards, D.R., Conway, A.R.,
Goldstein, A.L., Kalman, S., McCullough, M.J.,
McCusker, J.H., Stevens, D.A., Wodicka, L., Lock-
hart, D.J., and Davis, R.W. (1998). Science 281,
1194–1197.
Developmental Cell
Previews
332 Developmental Cell 15, September 16, 2008 ª2008 Elsevier Inc.
